Background In human skin, the serine proteases kallikrein-related peptidase (KLK)5 and KLK7 degrade corneodesmosome proteins, leading to desquamation. Serine protease activity of the skin is tightly regulated by the interplay between such proteases and serine protease inhibitors, including lymphoepithelial Kazal-type related inhibitor (LEKTI), encoded by SPINK5; secretory leucocyte peptidase inhibitor (SLPI); and elafin. Expression of KLK5 and KLK7 is controlled and upregulated by stimulants such as calcium, 1,25-dihydroxyvitamin D 3 [1,25(OH) 2 VD 3 ] and retinoic acid (RA). Objectives To understand the effect of calcium, 1,25(OH) 2 VD 3 and RA on the expression of serine protease inhibitors in epidermal keratinocytes. Methods We stimulated normal human epidermal keratinocytes (NHEKs) with high calcium, 1,25(OH) 2 VD 3 or RA, and then analysed the expression of serine protease inhibitors using quantitative real-time polymerase chain reaction, enzyme-linked immunosorbent assay and immunocytofluorescence. We also analysed trypsin-and chymotrypsin-like serine protease activities in stimulated NHEKs. Results High calcium, but not 1,25(OH) 2 VD 3 or RA, significantly induced the expression of LEKTI, SLPI and elafin at both transcript and protein levels in NHEKs. These inductions were time-and dose-dependent. The activities of trypsin-and chymotrypsin-like serine proteases were significantly up-and downregulated by high calcium, respectively, in NHEKs. Conclusions High calcium, but not 1,25(OH) 2 VD 3 or RA, increases the expression of serine protease inhibitors in epidermal keratinocytes. Our findings contribute to the understanding of the mechanisms by which serine protease activities are regulated by serine proteases and related inhibitors in epidermal keratinocytes.
• High calcium up-and downregulates trypsin-and chymotrypsin-like serine protease activities in epidermal keratinocytes, respectively.
What is the translational message?
• Our findings improve understanding of the mechanisms by which serine protease activities are regulated in normal skin and the lesions of inflammatory skin diseases such as atopic dermatitis.
Aberrant serine protease expression or function is involved in skin diseases such as Netherton syndrome, atopic dermatitis (AD), psoriasis and rosacea. [1] [2] [3] [4] [5] [6] Kallikrein-related peptidases (KLKs) consist of 15 trypsin-like or chymotrypsin-like secreted serine proteases encoded by genes clustered on chromosome 19q13Á3-4. 7, 8 During the desquamation of human skin, KLK5
and KLK7 are the main proteases involved in degrading corneodesmosome proteins such as desmoglein 1, desmocollin 1 and corneodesmosin, thereby leading to the shedding of corneal layers from the skin surface. 9 The skin's serine protease activity is tightly regulated by the expression and activity of individual serine proteases and serine protease inhibitors, with the latter including lymphoepithelial Kazal-type related inhibitor (LEKTI), encoded by SPINK5; secretory leucocyte peptidase inhibitor (SLPI); and elafin, encoded by PI3.
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LEKTI is a serine protease inhibitor that has 15 potential inhibitory domains, including the Kazal-type domains, and is expressed in the skin and other organs. 11, 12 Loss-of-function mutations in SPINK5 result in Netherton syndrome, which is characterized by ichthyosis, hair abnormalities and atopic manifestations. 2 In individuals with SPINK5 mutations, the length of the functional LEKTI protein correlates with protease activity, skin barrier function and disease severity. 4 In particular, KLK5 has recently been shown to be a primary target of LEKTI as its deletion can restore the epidermal function in Netherton syndrome. 13 Furthermore, the 420K LEKTI variant is reported to alter LEKTI proteolytic activation and to be associated with the pathogenesis of AD.
14 SLPI and elafin are expressed in the epidermis and are both considered efficient inhibitors of neutrophil serine proteases. [15] [16] [17] SLPI targets polymorphonuclear leucocyte elastase and cathepsin G, as well as mast cell chymase, and inhibits chymotrypsin-like enzymes such as KLK7. 15, 18, 19 Elafin inhibits elastase and proteinase-3. 16, 17 Both inhibitors are considered to be important for protecting tissue from damage caused by neutrophil serine proteases. While levels of these proteases are low in normal skin, their expression is upregulated in inflammatory conditions such as psoriasis. 20, 21 Given the critical role of serine protease activity in pathogenic skin conditions, it is important to understand how the expression of serine protease inhibitors is regulated in epidermal keratinocytes. Previously, the expression of KLK5 and KLK7 in keratinocytes was observed to be increased by incubation with calcium, 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 VD 3 ] or retinoic acid (RA). 22 As a major regulator of keratinocyte differentiation, calcium promotes the formation of desmosomes, adherens junctions and tight junctions, and also stimulates the calcium receptor to trigger cellular signalling and related events needed for differentiation. 23 As a biologically active form of vitamin D 3 , 1,25
(OH) 2 VD 3 , induces differentiation and suppresses proliferation in keratinocytes. 24 RA is a metabolite of vitamin A and is reported to induce proliferation and modulate differentiation in keratinocytes. 25 However, it is not fully understood whether these agents also affect the expression of serine protease inhibitors in epidermal keratinocytes. We report that high calcium, but not 1,25(OH) 2 VD 3 or RA, increases the expression of serine protease inhibitors in epidermal keratinocytes. Our observations increase understanding of the little-known mechanisms by which serine protease activity is regulated in human skin. 
Materials and methods

Quantitative real-time polymerase chain reaction
Complementary DNA was generated from RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, U.S.A.) according to the manufacturer's protocol.
TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, U.S.A.) were used to analyse the expression of human SPINK5 (assay ID: Hs00199260_m1), SLPI (assay ID: Hs00268204_m1), PI3 (assay ID: Hs00160066_m1), KLK5 (assay ID: Hs00202752_m1), KLK7 (assay ID: Hs00192503_m1) and FURIN (assay ID: Hs00159829_m1) according to the manufacturer's protocol. GAPDH was selected as the reference gene because it is one of the most common reference genes and its expression was stable in our culture system. For each sample, GAPDH mRNA levels were assessed as an internal control to validate RNA, and were detected with the probe VIC-CATCCATG ACAACTTTGGTA-MGB and the primers 5 0 -CTTAGCACCCCT GGCCAAG-3 0 and 5 0 -TGGTCATG AGTCCTTCCACG-3 0 . The mRNA levels for each gene were calculated as the relative expression to GAPDH mRNA, and all data are presented as a fold change compared with the control group (the mean of nonstimulated cells). 
Enzyme-linked immunosorbent assay
Statistical analysis
Data from cell culture studies represent the mean AE SEM of triplicates from a single experiment representative of three independent experiments. One-way ANOVA with Tukey's posthoc test was used to compare more than two groups. The analyses were conducted with GraphPad Prism 4 (GraphPad Software, La Jolla, CA, U.S.A.), and P-values < 0Á05 were considered significant.
Results
High calcium increases the expression of lymphoepithelial Kazal-type related inhibitor, secretory leucocyte peptidase inhibitor and elafin in epidermal keratinocytes Previously, our group reported that high calcium, 1,25 (OH) 2 VD 3 and RA induced the expression of KLK5 and KLK7 in NHEKs. 22 Here, we analysed the effect of these stimulants on the expression of the serine protease inhibitors LEKTI, SLPI and elafin in NHEKs. Similarly to the expression of KLK5 and KLK7, we found that high calcium significantly increased expression of the transcripts for SPINK5, SLPI and PI3 in NHEKs (Fig. 1a-e) . In contrast, stimulation with neither 1,25(OH) 2 VD 3 nor the synthetic retinoid acitretin induced the expression of these protease inhibitors, although these stimulants did induce expression of KLK5 and KLK7 at both the transcript and protein level, as previously reported (Fig. 1a-e) . 22 LEKTI is thought to be cleaved into its active forms by furin, a subtilisin-like serine protease. 12 We also found that the expression of FURIN was significantly upregulated by high calcium levels in NHEKs (Fig. 1f) .
High calcium level induces the expression of serine protease inhibitors in a dose-and time-dependent manner
We next examined the dose dependency of calcium induction in NHEKs. Using quantitative real-time polymerase chain reaction (qPCR), we found that the induction of SPINK5, SLPI and PI3 mRNA expression by high calcium level was dose-dependent (Fig. 2a, c, e) . Similarly, ELISA analyses revealed that calcium increased culture supernatant levels of LEKTI, SLPI and elafin protein in a dose-dependent manner (Fig. 2b, d, f) . We also examined the kinetics of LEKTI, SLPI and elafin expression induced by high calcium treatment in keratinocytes. qPCR analyses demonstrated that the induction of SPINK5, SLPI and PI3 mRNA expression by high calcium level was timedependent in NHEKs (Fig. 3a, c, e) . A similar effect was observed at the protein level with ELISA, which revealed that high calcium induced greater culture supernatant levels of LEKTI, SLPI and elafin in a time-dependent manner (Fig. 3b, d, f) .
Intracellular lymphoepithelial kazal-type related inhibitor expression is induced by high calcium in keratinocytes
In addition to analysing secreted LEKTI protein, we also examined intracellular LEKTI protein expression by immunocytofluorescence. Imaging analysis revealed that the fluorescence concentrated into dots rather than being diffuse throughout the cytoplasm in stimulated NHEKs compared with nonstimulated cells, indicating that high calcium treatment increased the intracellular expression of LEKTI protein, as previously reported (Fig. 4) . 12 Trypsin-and chymotrypsin-like serine protease activities are controlled by high calcium in epidermal keratinocytes
We further examined trypsin-and chymotrypsin-like serine protease activities in NHEKs stimulated with high calcium. , (e) KLK7 and (f) FURIN were analysed with quantitative real-time polymerase chain reaction. *P < 0Á05, **P < 0Á01, ***P < 0Á001.
The activities of trypsin-and chymotrypsin-like serine proteases were significantly up-and downregulated by high calcium, respectively, in a dose-dependent manner, although high calcium induced the expression of serine protease inhibitors (Fig. 5a, b) .
Discussion
The regulation of serine protease expression and function plays a critical role in the pathogenesis of skin diseases such as Netherton syndrome, AD, psoriasis and rosacea. [1] [2] [3] [4] [5] [6] To improve mechanistic understanding of serine protease activity, we examined how the expression of serine protease inhibitors is regulated in epidermal keratinocytes in vitro. We specifically focused on the regulatory effects of keratinocyte stimulation with calcium, 1,25(OH) 2 VD 3 and RA. Previously, it has been reported that high calcium level induces the LEKTI protein expression in keratinocytes. 12 Here, for the first time, we
show that high calcium, but not 1,25(OH) 2 VD 3 or RA, induces transcriptional and protein expression of the serine protease inhibitors LEKTI, SLPI and elafin in a dose-and timedependent manner. Our results on the stimulatory effects of extracellular calcium are consistent with previous observations that an increase in extracellular calcium concentration raises the intracellular concentration of free calcium, which induces keratinocyte differentiation. 26, 27 Therefore, our findings suggest that the expression of serine protease inhibitors may be influenced either directly by free calcium itself, or indirectly by the calcium-induced differentiation process in keratinocytes. Given that a free calcium gradient exists in normal epidermis, with a maximum concentration reached in the granular layer, 28 our results may also account for the greater expression of LEKTI in the granular layers of the epidermis. We also investigated whether induction of serine protease inhibitor expression could affect serine protease activities in epidermal keratinocytes. Previously, we reported that high calcium enhances nonspecific protease activity in the culture supernatants of epidermal keratinocytes. 22 In that study, total protease activity was monitored with a nonspecific substrate for serine, acid and sulfhydryl proteases, as well as metalloproteases. In the present study, we used specific substrates for monitoring trypsin-or chymotrypsin-like serine protease activity. As a result, trypsin-and chymotrypsin-like serine protease activities were significantly enhanced and suppressed by high calcium levels in NHEKs, respectively, although high calcium levels induced the expression of serine protease inhibitors. Eight of the 15 known KLKs are observed in the stratum corneum at the protein level, including KLK5 and KLK7. 29, 30 Interestingly, only KLK7 is a chymotrypsin-like serine protease, and others are trypsin-like serine proteases, among skin KLKs. Therefore, the expression of other KLKs, *P < 0Á05, **P < 0Á01, ***P < 0Á001. ) enhances cytoplasmic levels of lymphoepithelial Kazal-type related inhibitor (LEKTI) protein in normal human epidermal keratinocytes (NHEKs). NHEKs (passage 6) at 80% confluence were grown on chamber slides and then stimulated with high calcium (2 mmol L À1 ) or vehicle for 24 h. The intracellular expression pattern of LEKTI was visualized with immunocytofluorescence, and nuclei were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI).
SLPI SLPI
and potentially other unknown trypsin-like serine proteases may be induced by high calcium in epidermal keratinocytes. The specific mechanisms driving the activation of serine protease inhibitors warrant additional study. For example, the expression of furin is induced by high calcium level, as shown in Figure 1 (f), and Bitoun et al. have previously suggested that active furin was present in the conditioned medium from differentiated keratinocytes by using the furin inhibitor. 12 Although we did not show the LEKTI fragments in the culture media by ourselves, they also reported that 42-, 65-and 68-kDa fragments were detected in conditioned medium from differentiated keratinocytes. 12 However, it is unclear whether 'active' furin is capable of sufficiently cleaving the increased LEKTI during the stimulation with high calcium. Thus, further investigation is required to clarify the regulatory mechanisms underlying serine protease activities in epidermal keratinocytes.
In conclusion, we demonstrated that the expression of serine protease inhibitors in epidermal keratinocytes is increased by calcium, but not 1,25(OH) 2 vitamin D3 or RA. Our findings contribute to the understanding of the mechanisms regulating serine protease activities in both normal skin and the lesions of inflammatory skin diseases such as AD.
